The regulation of fatty acid oxidation in the liver is a highly integrated, multisite process. Indeed, the main aim of this short review is to emphasize the multiplicity of sites at which regulation can potentially be exerted. In addition to integration within the pathway of fatty acid oxidation itself, there is also complex integration with several other biochemical processes in the liver, namely glycerolipid and fatty acid syntheses, gluconeogenesis and oxidation of acetyl-CoA through the tricarboxylic acid cycle. Most of the regulatory properties of the enzymically-catalyzed (and other) steps involved have been described for the liver of the rat and, consequently, most of what follows necessarily relates to that species. However, the few comparative studies that have been made have not only yielded important information on the diversity of the regulation of fatty acid metabolism in different types of mammals and other vertebrates but have also helped in the understanding of the basic biochemical mechanisms involved in the regulation of fatty acid oxidation and ketogenesis. In addition, the more recent developments in the field have been made through comparative studies of liver metabolism in unmated, pregnant, lactating and weaned rats, which serve to illustrate the potential of studies in which the behaviour of one biochemical system is compared in different and entirely physiological situations. The various stages of the reproductive cycle appear to be particularly useful in this regard.
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concentration-dependent and is not saturated even at very high concentrations of plasma fatty acids (Fine & Williams, 1960; Nestel & Steinberg, 1963; Goresky et al. 1978) . This enables the liver to respond to changes in the rate of fatty acid release from adipose tissue and ensures increased hepatic uptake of fatty acids in physiological conditions which are characterized by increased lipolysis of triacylglycerols in adipose tissue. Indeed, it could be suggested that the regulation of hepatic fatty acid oxidation and ketogenesis occurs, in part, outside the liver, at the level of triacylglycerol lipase activity in adipose tissue (Owen et al. 1969; Hales et al. 1978; Williamson & Whitelaw, 1978) . Thus, in most vertebrate species the concentration of non-esterified fatty acids in the plasma increases in ketogenic states (Table I) , the only exception being the elasmobranch fishes (Zammit & Newsholme, 1979) in which triacylglycerols are stored in the liver rather than in a specialized extrahepatic storage tissue.
The ATPdependent formation of long-chain acyl-CoA esters occurs in the extramitochondrial compartment of the hepatocytes. The enzyme fatty acyl-CoA synthase is located on the inner surface of the outer mitochondrial membrane (Nimmo, 1979) and in the microsomes (Norum et al. 1966; van To1 & Hulsmann, 1970; De Jong & Hiilsmann, 1973) . A fatty acyl-CoA synthase with preferential activity towards medium-chain fatty acids is present in the mitochondrial matrix (see, e.g., Groot et al. 1974 Groot et al. , 1976 Bloch & Vance, 1977) . However, the function of this intramitochondrial synthase activity is not immediately apparent since, in the adult mammal, the liver receives primarily long-chain fatty acids from the circulation. Similarly, the significance of the dual distribution of the longchain acyl-CoA synthase is difficult to ascertain, although it is possible that the mitochondrial enzyme gives rise to a distinct pool of long-chain acyl-CoA within the intermembrane space of the mitochondria (see below).
The partition of, and competition for, long-chain acyl-CoA between acylglyceride formation and acylcarnitine formation would be expected teleologically to be of major regulatory importance. That this is the case can be deduced from several observations that the relative proportions of fatty acids which are metabolized to glycerolipids or to oxidation products vary inversely in liver preparations obtained from animals in different physiological states (see, e.g., Mayes & Felts, 1967; McGarry & Foster, 1972; Laker & Mayes, 1982) . The deduction that this inverse relationship is due to competition between the first enzymes of the two pathways for their common substrate stems from observations that (i) if acylcarnitine formation is specifically inhibited the rate of glycerolipid synthesis is increased and reaches maximal rates even in livers from rats in ketogenic states (McGarry et al. 1973; Ide & Ontko, 1981) , and (ii) that it is only the proportions of fatty acids metabolized to glycerolipids or oxidation products which are altered in different physiological states, whereas the absolute rates of both processes are elevated with increased fatty acid supply (see, e.g., Laker & Mayes, 1982) . The regulation of the partition of long-chain acyl-CoA has been investigated intensively. Current theories about the mechanisms involved are centred around the study of the properties, changes in activities and of concentrations of substrates of the first enzymes of either pathway, namely carnitine acyltransferase I (CAT I) for oxidation, and glycerol-3-phosphate acyltransferase (GPAT) and dihydroxyacetone-phosphate acyltransferase
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(DHAPAT) for acylglyceride formation. For the purposes of the present review only the regulation of CAT I and GPAT will be considered since there is considerable controversy about the importance of DHAPAT activity in acylglyceride formation (see Cronholm et al. 1982, for a comprehensive discussion).
Changes in the concentrations of the non-common substrates of CAT I and GPAT (i.e. glycerol-3-phosphate and L-carnitine respectively) have been suggested by various workers to be involved in the modulation of long-chain acyl- Zammit, 1981a) .
Changes in the rates of acylcarnitine and acylglyceride formation by isolated rat liver mitochondria, in the direction expected from the changes in the fate of fatty acids in the liver, have been described by several authors (Aas & Daae, 1971; van Tol, 1974; ). In addition, the activities of mitochondrial and microsomal GPAT are susceptible to short-term changes after treatment of rat liver preparations in vitro with hormones (Bates et 1981 ) and GPAT activity in hepatic microsomes and mitochondria can be inhibited in vitro by incubation with ATPMg (Nimmo, 1980) . These observations suggest that GPAT activity may be regulated through covalent modification of the enzyme (Nimmo, I 980). Although changes in activity which are specific to mitochondrial GPAT have been reported (Bates & Saggerson, 1979; Zammit, 1981a) for livers of starved rats, the function of the mitochondrial location of GPAT is uncertain, especially in view of the fact that mitochondria cannot metabolize the acylglyceride formed beyond the formation of phosphatidate (see Saggerson & Bates, 1981, for discussion). Some evidence for the involvement of changes in the activity of GPAT in determining the rate at which long-chain acyl-CoA esters are esterified to glycerolipids has been obtained from the correlation between the total hepatic GPAT activity and the proportion of fatty acids used for glycerolipid formation in livers of fed or starved rats in various reproductive states (Zammit, 1981~) .
It is now recognized that although there may be an increase in the maximal activity of CAT I. in liver mitochondria from animals in ketogenic states, a far more powerful mechanism of regulation of the enzyme is the inhibitory effect of micromolar concentrations of malonyl-CoA on CAT I, competitively with respect to long-chain acyl-CoA (McGarry et al. 1977 (McGarry et al. , 1978 . Malonyl-CoA is the product of the first reaction committed to fatty acid synthesis (catalyzed by acetyl-CoA carboxylase). The activity of acetyl-CoA carboxylase (which is potentially rate-Vol. 42
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limiting for fatty acid synthesis) and the concentration of malonyl-CoA in the liver are both depressed in the liver of animals in ketogenic states (Guynn et al. 1972; Cook et al. 1977; Lynen, 1979; Zammit & Corstorphine, 1982) . Hence, in conditions in which fatty acid synthesis is depressed, the activity of CAT I becomes de-inhibited due to a decrease in cytosolic concentration of malonyl-CoA. Since the rate of fatty acid synthesis in liver is proportional to the concentration of malonyl-CoA (Guynn et al. rgp), the inhibition of CAT I by malonyl-CoA effectively ensures the integrated and reciprocal regulation of the flux through the two pathways such that fatty acid synthesis and oxidation do not occur to significant extents simultaneously in the liver. The fact that malonyl-CoA inhibition is competitive with respect to acyl-CoA (i.e. can be overcome at high concentrations of long-chain acyl-CoA) may also be important in integration of the flux through the two pathways. Thus, a rise in hepatic long-chain acyl-CoA concentration due to increased delivery of fatty acids to the liver would result in (i) a direct de-inhibition of CAT I activity through increased competition with malonyl-CoA, and (ii) a malonyl-CoA concentration lowering effect due to inhibition of acetyl-CoA carboxylase activity by long-chain acyl-CoA (see Goodridge, 1972) . If a distinct pool of long-chain acyl-CoA esters does exist in the intermembrane space, the regulation of its size may be critical due to effect (i) above. Furthermore, a rationale for the location of a mitochondrial GPAT (with a high affinity for long-chain acyl-CoA (see Borrebaek et al. 1976; Bates & Saggerson, 1979) on the inner aspect of the outer mitochondrial membrane (Nimmo, 1979; Carroll et al. 1982 ) may reside in the maintenance of a low concentration of long-chain acyl-CoA in the vicinity of CAT I under conditions in which acyl-carnitine formation is required to be minimal. The mechanism of malonyl-CoA inhibition of CAT I has not been elucidated. For example, it is not known whether malonyl-CoA is an dosteric effector. However, there have been some recent discoveries which suggest that the mechanism of the effect of malonyl-CoA is more intricate than had hitherto been thought. The sensitivity to malonyl-CoA inhibition of the rate of ketogenesis from long-chain fatty acids in isolated liver mitochondria was higher in mitochondria from fed rats than in those from starved animals (Cook et Zammit, 1982) . Moreover, experiments using fed or starved, unmated, pregnant or lactating rats (in which the range of hepatic malonyl-CoA concentrations is much larger than in fed and starved unmated animals (Zammit, 1981a) ) have demonstrated a quantitative relationship between the sensitivity of CAT I to malonyl-CoA inhibition in isolated liver mitochondria and the hepatic malonyl-CoA concentration in vivo (Figs. 2a and zb) (Robinson & Zammit, 1982) . These results suggest that CAT I in isolated mitochondria retains information about the concentration of malonyl-CoA in the liver from which they were isolated. The mechanism whereby this information is acquired and retained by the enzyme is not known, but two possibilities are (i) that CAT I is covalently modified by the same or a closely-related mechanism to that which is involved in the regulation of malonyl-CoA concentration (e.g. phosphorylation-dephosphorylation of acetyl-CoA carboxylase) and (ii) that CAT I tightly binds an effector molecule which continues to be bound during preparation of the mitochondria (in a manner analogous to the recently discovered binding of fructose 2,bbisphosphate by phosphofructokinase in liver homogenates (Claus et al. 1980; Pilkis et al. 1981) ). In the latter case the effector molecule could be either malonyl-CoA itself or another intermediate the concentration of which is regulated in parallel with that of malonyl-CoA (Robinson & Zammit, 1982) .
In order to obtain information about whether malonyl-CoA could be such an effector molecule, experiments were conducted using mitochondria isolated from livers of starved pregnant rats (in which CAT I is normally very insensitive to malonyl-CoA inhibition). The mitochondria were incubated either in the absence or in the presence of various concentrations of malonyl-CoA and were subsequently separated from the medium by sedimentation and filtration through an oil layer. The sensitivity of CAT I to malonyl-CoA inhibition was then investigated as previously described (Robinson & Zammit, I 982). Following incubation of the mitochondria with malonyl-CoA, CAT I activity was significantly more sensitive to inhibition. That this increased sensitivity was not due to contamination of the mitochondria1 preparation by malonyl-CoA was apparent from the fact that the activity of CAT I in the absence of malonyl-CoA was virtually identical in mitochondria which had been incubated either in the absence or in the presence of malonyl-CoA (Fig. 3) .
Irrespective of the exact mechanism through which CAT I obtains and retains information about the malonyl-CoA concentration in vivo, it is evident that the
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self-reinforcing effects of the changes in malonyl-CoA concentration in the liver (i.e. increased concentrations resulting in increased sensitivity) could result in a potent amplification mechanism for the regulation of the rate of acylcarnitine synthesis by very small changes in hepatic malonyl-CoA concentration (Robinson & Zammit, 1982) . Acylcamitines are formed in the intermembrane space of the mitochondria and they have to be transported across the inner mitochondrial membrane for metabolism of the acyl moiety to proceed further. This transfer is mediated by a specific carrier-the carnitin-acylcarnitine translocase (Pande, 1975 ; Ramsay & Tubbs, 1974 Pande & Parvin, 1976, 19806) . This carrier mediates acylcarnitine-acylcarnitine and acylcarnitine-carnitine exchange although longer-chain acylcamitines are much better substrates than L-carnitine itself (Ramsay, 1978) . The initial rate of carnitine exchange has been shown to be increased in mitochondria isolated from livers of rats in ketogenic states (Parvin & Pande, 1979) and this increase in the activity of the translocase was apparently due to an increased pool size of exchangeable carnitine (as unesterified L-carnitine and acylcarnitines) in these mitochondria (Parvin & Pande, 1979; Pande & Parvin, 1980~) . Support for the possible involvement of an increased rate of acylcarnitine transport in the increased rate of hepatic oxidation of fatty acids in starvation, was obtained from experiments in which the rates of octanoylcamitine-stimulated or octanoate-stimulated oxygen consumption of mitochondria, isolated from livers of fed or starved rats, were measured (Zammit, 1981a) . Starvation resulted in a significant increase in octanoylcarnitine oxidation whereas it had no effect on octanoate-stimulated oxygen consumption : similar results were obtained by McGany & Foster (1974) using isolated perfused livers. Although these results would tend to exclude the possibility of P-oxidation as being a regulatory site for the increased rate of fatty acid oxidation, they do not distinguish between increased rates of acylcamitine transport across the inner membrane and increased activity of CAT 11 (which resides on the inner face of the inner membrane and catalyzes the reverse reaction to that catalyzed by CAT I).
Intramitochondrial acetyl-CoA can be used either for the synthesis of citrate (by combining with oxaloacetate) or for the synthesis of acetoacetyl-CoA. The two enzymes involved are citrate synthase and acetyl-CoA acetyltransferase respectively. The formation of acetoacetyl-CoA is the first step committed to ketogenesis in liver mitochondria and the fact that acetyl-CoA acetyltransferase competes with citrate synthase for acetyl-CoA suggests that changes in the rate of citrate synthesis would inversely affect acetoacetyl-CoA synthesis. The rate of citrate synthesis is determined by at least two factors: (i) the relative affinities of citrate synthase and acetyl-CoA acetyltransferase for their common substrate, and (ii) the availability of free oxaloacetate in the mitochondria. Experiments with isolated rat liver mitochondria indicate that formation of citrate competes successfully for acetyl-CoA, i.e. that citrate synthase has a greater affinity for acetyl-CoA than acetyl-CoA acetyltransferase in situ (Lopes-Cardozo et al. I 975). Thus, progressively higher rates of fatty acid oxidation (i.e. acetyl-CoA formation) are accompanied by the rapid saturation of citrate formation followed by a steady increase in the rate of ketone body formation. If these results can be extrapolated to the situation in vivo they would predict that the maintenance of flux through the tricarboxylic acid cycle would have a higher metabolic priority than ketone body formation at any one level of oxaloacetate availability inside the mitochondria. Experiments in which the fates of 14C-labelled long-chain fatty acids were studied in perfused, isolated livers from fed or starved rats, have shown that the rates of 14C0, production were unaltered even though the rates of ketogenesis were markedly different in the two types of liver (McGarry & Foster, 1974) , suggesting that the energy-forming function of the tricarboxylic acid cycle was maintained. Although these experiments emphasize the importance of a more or less constant flux through the tricarboxylic acid cycle in the liver (see Mayes & Laker, 1981) , the overall rate of citrate synthesis must have decreased in livers of starved animals SYMPOSIUM PROCEEDING s I983 because de ~O O O fatty acid synthesis, which in the rat depends on export of citrate from the mitochondria, was greatly diminished in these livers (McGarry & Foster, 1974) . Limitation of utilization of citrate for export from the mitochondria may be achieved through inhibition of citrate efflux across the inner membrane via competition by increased intramitochondrial concentrations of phosphoenolpyruvate in ketogenic-gluconeogenic states (Zammit, 1981b) and by decreased availability of oxaloacetate for citrate synthesis. The antiketogenic action of alanine when infused into starved or diabetic rats has been ascribed to the increased availability of intramitochondrial oxaloacetate (Nosadini et al. 1980 (Nosadini et al. , 1981 and the free oxaloacetate concentration in mitochondria of isolated hepatocytes has been found to be inversely related to the rate of ketone body formation when the free oxaloacetate concentration is in the same range as the K,,, of citrate synthase for oxaloacetate (Siess et al. 1982) . The availability of oxaloacetate for citrate synthesis will, in turn, depend on (i) the rate of formation from pyruvate and its precursors (e.g. alanine, lactate) (ii) the equilibrium between oxaloacetate and malate, which will reflect the intramitochondrial [NAD]: [NADH] value, and (iii) the utilization of oxaloacetate for the formation of phosphoenolpyruvate (PEPj-either through the formation of malate or aspartate for efflux into the cytosol (in livers of species in which PEP carboxykinase is primarily cytosolic, e.g. the rat) or for formation of PEP directly inside the mitochondria (e.g. in the rabbit, ruminants and birds). The combination of these factors will result in more or less oxaloacetate being available for citrate synthesis. If citrate synthase is not saturated with oxaloacetate, increased availability of the latter results in decreased utilization of acetyl-CoA for acetoacetyl-CoA synthesis. Although regulation of the partition of acetyl-CoA could be visualized in terms of changes in substrate concentration, both citrate synthase and acetyl-CoA acetyltransferase could be subject to metabolic control by effectors. However, the mode of regulation of these two enzymes in the liver is not easily ascertained. Several factors may affect citrate synthase, including the intramitochondrial ATP (Garland, 1968) and citrate (Bremer & Davis, 1974) concentrations, but their importance remains ill-defined (Lopes-Cardozo & van den Bergh, 1972; Siess et al. I 982) . The regulatory properties of acetyl-CoA acetyltransferase have attracted appreciable interest in recent years. Liver mitochondria contain two forms of the enzyme which are interconvertible by binding (or loss) of coenzyme-A (Huth, 1981) . Since the two forms have different kinetic characteristics (Huth et al. 1973) this interconversion may result in a high sensitivity of the activity of the enzyme to changes in the ratio of [acetyl-CoA] : [CoA] . Huth et al. (1975) have pointed out that the activity of the enzyme in the direction of acetoacetyl-CoA synthesis is very much lower than in the thiolytic direction, and from isotopic distribution studies they concluded that the activity of the enzyme may be rate-limiting (Huth et al. I 973) . One factor which could limit acetyl-CoA acetyltransferase activity in vivo is inhibition by the product of the reaction, acetoacetyl-CoA (Huth et al. 1975) . Acetoacetyl-CoA also inhibits 3-hydroxy-3-methyl glutaryl (HMG)-CoA synthase (Reed et al. r975 )-the next enzyme in the ketogenic pathway. These effects, , 1978) suggest that the rate of formation of intramitochondrial HMG-CoA could be very sensitive to changes in the concentration of acetoacetyl-CoA and that the concentration of this metabolite needs to be regulated finely. Huth et al. ( I 978) have suggested that intramitochondrial acetoacetyl-CoA concentrations could be determined by the state of the equilibrium catalyzed by 3-hydroxybutyryl-CoA dehydrogenase, which in turn will depend on the mitochondrial "AD + ]: [NADH] value. The increased rate of formation of NADH during fatty acid oxidation would result in lower concentrations of acetoacetylCoA. Another possible mechanism would involve the enzyme 3-oxoacid-CoA transferase (Zammit, 1981b) which is as active as HMG-CoA synthase in the liver of mammals and more active in some other vertebrate species (Zammit et al. 1979) . Interestingly, the mitochondrial [NAD+]: [NADH] value would also be involved in the latter mechanism which implies that the intramitochondrial concentrations of acetoacetate and succinyl-CoA should be maintained at a low level during high rates of ketogenesis. There is some experimental evidence to support this hypothesis. Thus, the mitochondrial succinyl-CoA level decreases by half in cells treated with glucagon (Siess et al. 1980) , and Demaugre et al. (1978) found a three-fold lower [acetoacetate] :[ 3-hydroxybutyrate] value in the mitochondria than the cytosol in cells incubated with pyruvate. The concentration of acetoacetate would be expected to be maintained at a low level during increased fatty acid oxidation through increased formation of 3-hydroxybutyrate (which is NADH-linked) and increased efflux of acetoacetate from mitochondria in exchange for pyruvate (Halestrap, 1978a,b) . Maintenance of low concentrations of succinylCoA and acetoacetate would help to attain de-inhibition of acetyl-CoA acetyltransferase and thus allow ketogenesis to proceed. These considerations raise the possibility that feedback control of ketogenesis by ketone bodies occurs not solely in extrahepatic tissues (Williamson & Whitelaw, 1978) but also at the site of ketogenesis, namely the liver mitochondria. at https://www.cambridge.org/core/terms. https://doi.org/10.1079/PNS19830033
